O~ ON N B W N

[u—
O NO

[V
Do —

[u—y
Lo

14

15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38

Database of Wards for Patients with Muscular Dystrophy in Japan 13

National Hospital Organization:

- Asahikawa Medical Center, Yakumo Hospital, Aomori National Hospital,

- Akita National Hospital, Nishitaga National Hospital, East Saitama National Hospital,
- Shimoshizu National Hospital, National Hakone Hospital, Niigata National Hospital,
- lou National Hospital, Nagara Medical Center, Suzuka National Hospital,

- Nara Medical Center, Utano Hospital, Toneyama National Hospital,

- Hyogo-cyuo National Hospital, Hiroshima-Nishi Medical Center, Matsue Medical
Center,

- Tokushima National Hospital, Oomuta Hospital, Nagasaki Kawatana Medical Center,
- Kumamoto Saishunso National Hospital, Nishibeppu National Hospital,

- Miyazaki Higashi Hospital, Minami Kyushu National Hospital, Okinawa National
Hospital

- National Center of Neurology and Psychiatry
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SLCY9A6 mutations have been reported in families in whom
X-linked mental retardation (XMR) mimics Angelman syn-
drome (AS). However, the relative importance of SLC9A6
mutations in patients with an AS-like phenotype or XMR has
not been fully investigated. Here, the involvement of SLC9A6
mutations in 22 males initially suspected to have AS but found on
genetic testing not to have AS (AS-like cohort), and 104 male
patients with XMR (XMR cohort), was investigated. A novel
SLC9A6 mutation (c.441delG, p.S147fs) was identified in one
patient in the AS-like cohort, but no mutation was identified in
XMR cohort, suggesting mutations in SLC9A6 are not a major
cause of the AS-like phenotype or XMR. The patient with the
SLC9A6 mutation showed the typical AS phenotype, further
demonstrating the similarity between patients with AS and those
with SLC9A6 mutations. To clarify the effect of the SLC9A6
mutation, we performed RT-PCR and Western blot analysis on
lymphoblastoid cells from the patient. Expression of the mutated
transcript was significantly reduced, but was restored by cyclo-
heximide treatment, indicating the presence of nonsense medi-
ated mRNA decay. Western blot analysis demonstrated absence
of the normal NHE6 protein encoded for by SLC9A6. Taken
together, these findings indicate a loss-of-function mutation in
SLC9AG6 caused the phenotype in our patient. ©2011 Wiley-Liss, Inc.

Key words: SLC9A46; sodium/hydrogen exchanger 6; Angelman

syndrome; X-linked mental retardation; nonsense mediated
mRNA decay

INTRODUCTION

SLC9A6 mutations were first reported by Gilfillan et al. [2008] in
families exhibiting an X-linked mental retardation (XMR) syn-
drome mimicking Angelman syndrome (AS). Angelman syndrome
is characterized by severe developmental delay with absent or
minimal speech, ataxia, easily provoked laughter, epilepsy, and
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microcephaly. The syndrome is caused by loss-of-function of the
UBE3A gene which is subject to genomic imprinting. Patients with
SLC9A6 mutations resemble patients with AS, but also demonstrate
distinctive clinical features including cerebellar atrophy, slow pro-
gression of symptoms, increased glutamate/glutamic acid peak on
magnetic resonance spectroscopy (MRS), and lack of characteristic
abnormalities seen AS patients examined using electroencephalog-
raphy (EEG). Following the first report in 2008, in 2010 Schroer
etal. reported two other families with AS due to SLC9A6 mutations,
and confirmed the findings of Gilfillan et al.

The SLC9A6 gene is located on Xq26.3, and encodes the ubig-
uitously expressed Na*/H* exchanger protein member 6, NHES6.
The NHE protein family consists of nine members and includes
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NHE1-5 which is found in the plasma membrane, and NHEG-9
which is found in the membranes of intracellular organelles such as
mitochondria and endosomes. NHE6 is predominantly present in
the early recycling endosome membranes, and is believed to have a
rolein regulating luminal pH and monovalent cation concentration
inintracellular organelles [Brett et al., 2002; Nakamura et al., 2005].
Moreover, Roxrud et al. demonstrated that NHE6 in combination
with NHE9 participated in regulation of endosomal pH in HeLa
cells by means of the procedure of co-depletion of NHE6 and NHE9
[Roxrud et al. 2009], indicating the significant role of NHE6 in fine-
tuning of endosomal pH in human cells. In the brain, exocytosis
from recycling endosomes is essential for the growth of dendritic
spines which grow during long-term potentiation (LTP). In the
absence of recycling endosomal transport, spines are rapidly lost,
and LTP stimuli fail to elicit spine growth [Park et al., 2006]. Thus,
NHES has an important role in the growth of dendritic spines, and
also in the development of normal brain wiring. Thus far, five
SLC9A6 mutations have been reported in six AS families; two
nonsense mutations, one inframe deletion, one frameshift deletion,
and one splicing mutation [Gilfillan et al., 2008; Schroer et al.,
2010]. The precise pathogenesis by which these mutations produce
disease remains to be clarified.

The aim of this study was to clarify the incidence and importance
of SLC9A6 mutations in AS-like patients and patients with XMR,
and to shed light on the molecular pathogenesis of disease due to
SLC9A6 mutations.

MATERIALS AND METHODS
Enrolled Patients

We examined 22 affected Japanese males clinically suspected of
having AS but who Jacked the genetic abnormalities reported in AS
(AS-like cohort). These patients had AS excluded by having neg-
ative results for the SNURF-SNRPN DNA methylation test (which
identifies a deletion, uniparental disomy, or imprinting defect) and
UBE3A mutation screening (performed as described previously)
[Saitoh et al., 2005]. We also examined DNA samples from 104
Japanese patients suspected of having XMR (XMR cohort). The
XMR samples were collected as a part of a project for the Japanese
Mental Retardation Consortium [Takano et al., 2008]. This study
was approved by the Institutional Review Board of Hokkaido
University Graduate School of Medicine, and written informed
consent was obtained from the parents of the enrolled patients.

Mutation Analysis of the SLCIAS Gene

We amplified each exon, including exon—intron boundaries, of the
SLC9A6 gene using polymerase chain reaction (PCR), and all
amplicons were directly sequenced on an ABI 3130 DNA analyzer
(Applied Biosystems, Foster City, CA) using BigDye Terminator
V.1.1 Cycle Sequencing Kit (Applied Biosystems). SLC9A6 encodes
two alternatively spliced transcripts produced from alternative
splicing donor sites in exon 2 which give rise to a long form
designated as variant 1, and a short form called variant 2. Variant
1 and variant 2 code for NHE6.1 (isoform a) and NHE6.0 (isoform
b), respectively (Fig. 1). The primers were designed to amplify each
transcript variant. The primers sequence used for amplification and

sequencing are available on request. Genomic DNA (10ng)
extracted from peripheral blood was amplified in a total PCR
volume of 20l containing 1x buffer, 0.4uM of each primer
(forward/reverse), 0.18mM dNTPs, 0.5U AmpliTaq Gold®
DNA Polymerase (Applied Biosystems). The PCRs for all exons
except exon one were performed at 94°C for 10 min followed by
30 cycles 0f 94°C for 30 sec, 55°C for 30 sec, 72°C for 30 sec, then one
cycle at 72°C for 7 min. The high CpG content of exon 1 required it
to be amplified in a total reaction volume of 20 ul containing 1x
buffer, 0.4 uM of each primer, 0.2 mM dNTPs, 0.4 U Phusion® Hot
Start High-Fidelity DNA Polymerase (Finnzymes, Vantaa,
Finland), and 3% DMSO. The thermocycling conditions for
exon 1 were 98°C for 3 min followed by 35 cycles of 98°C for
10 sec, 65°Cfor 30 secand 72°C for 30 secand then one cycle of 72°C
for 5min. The PCR products were purified with Wizard® PCR
Preps DNA Purification System (Promega, Madison, W1) prior to
sequencing. All mutations are referred to in relation to reference
sequence NM_001042537.

Cell Culture and Cycloheximide Treatment

Epstein—Barr virus (EBV)-transformed lymphoblastoid cells lines
were established from peripheral blood cells using standard meth-
ods. To prevent potential degradation of transcripts containing
premature translation termination codons (PTCs) by nonsense
mediated mRNA decay (NMD), lymphoblastoid cells from: the
patient with the SLC9A6 mutation and normal controls were
treated with 100 pg/ml cycloheximide (CHX) (Sigma, St. Louis,
MO). This compound interferes with NMD through inhibition of
protein synthesis [Aznarez et al., 2007]. CHX or a 0.1% DMSO
control vehicle was used 4 hr prior to RNA extraction from the cell
lines [Carter et al., 1995].

RT-PCR

Total RNA from cultured lymphoblastoid cells from the patient and
four normal controls, was extracted using the RNAqueous® Kit
(Applied Biosystems). Reverse transcription was performed using
100 ng of total RNA and the High-Capacity cDNA Reverse Tran-
scription Kit (Applied Biosystems) in a total reaction volume of
20 pl containing 1x Random primers, 4 mM dNTP mix, 2.5 U of
Multiscribe™ Reverse Transcriptase, and 1 ul of RNase Inhibitor.
The reactions were incubated at 25°C for 10 min, then at 37°C for
120 min and then followed by 85°C for 5min to inactivate the
reverse transcriptase. Complementary DNA was then amplified
using a primer set designed to amplify exon 2-5; forward 5'-
GTCTTTTGGTGGGCCTTGT-3', reverse 5-GTCCCGTTACC-
TTCATCAG-3". PCR products for NHE6.1 (transcript variant 1)
and NHE6.0 (transcript variant 2) were 399 and 303bp,
respectively.

Real-Time Quantification of SLCY4A6 mRNA

To measure SLCIA6 transcript variant 1 and variant 2, both of
which are alternative splicing products, primers and TagMan®
MGB probes were designed with Primer® Express Software
(Applied Biosystems; Fig. 1). The Primer and MGB probe sequence
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for variant 1 were forward primer 5-TGAGTATATGCTG-
AAAGGAGAGATTAGTTC-3/, reverse primer 5-GATAGGA-
GGAAGTAATATGTTGAAAAATACTTC-3', TagMan MGB
probe 5-CTTAGAAAGGTTACTTTTGATCC-3'; and for variant
2 forward primer 5-CTGTGAAGTGCAGTCAAGTCCAA-3,
reverse primer 5 -GATAGGAGGAAGTAATATGTTGAAAAA-
TACTT-3', TagMan MGB probe 5-CTACCTTACTGGTTA-
CITTTGA-3. Human GAPDH MGB probe and primers
purchased from Applied Biosystems were used as the internal
control. Patient cDNA was transcribed from 10 ng of total RNA
in a total volume of 25 pl containing 1x TagMan® Universal PCR
Master Mix (Applied Biosystems), 0.9 UM of each primer (sense/
antisense) and 0.25puM of probe. Thermocycling was 95°C for
10 min, followed by 40 cycles of 95°C for 15 sec and 60°C for 1 min.
Real-time quantitative PCR was performed using the ABI PRISM
7700 (Applied Biosystems). The 27*4“" method was used for
relative quantification.

Western Blot Analysis

HeLa cells and cultured lymphoblastoid cells from the patient,
mother and normal controls were washed with phosphate buffered
saline and suspended in lysis buffer (phosphate buffered saline
containing 1% Triton-X, 1 pug/ml aprotinin, 1 ug/ml pepstatin A,
and 1pg/ml leupeptin). HeLa cells expressing the NHE6.1 were
used as a control. The cells were disrupted by sonication and

[[1[] Exon coding region

Exon untranslated region
{nitiation codon

Stop codon

Splicing donor site
¢.441delG

Real-time PCR primer

TagMan MGB probe

5'*«4:;.[3

centrifuged at 20,000¢ for 10 min at 4°C. The supernatants were
then resolved by SDS-polyacrylamide electrophoresis and trans-
ferred to polyvinylidene fluoride membrane (Millipore, Billerica,
MA). NHE6 was detected with rabbit polyclonal anti-NHEG6 anti-
body [Ohgaki et al., 2008], anti-rabbit IgG antibody conjugated
with horseradish peroxidase (Vector Laboratories, Burlingame,
CA) and chemiluminescence reagent (ECL Western Blotting Detec-
tion System; GE Healthcare, Waukesha, WI).

RESULTS
ldentification of a SLLYAE Mutation

We identified only one male patient with a frameshift mutation
(c.441delG, p.S147fs) in exon 2, out of 22 male patients in the
AS-like cohort (Fig. 2). This frameshift mutation causes a PTC. His
healthy mother was heterozygous for the mutation.

No mutation in the SLCIA6 gene was identified in the XMR
cohort. However, two common polymorphisms (rs2291639,
1s2307131), and one putative novel polymorphism in intron 12
(€.1692 +10 A>G) were detected.

Clinical Features of the Patient With the
SLUGAE Mutation

The affected male patient at birth suffered from mild neonatal
asphyxia, however he had no other perinatal problems. His parents
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were non-consanguineous and he did not have any family history
of neurological diseases. Although formal clinical assessment
was not conducted to the mother, she is healthy and does not
have intellectual disability. His clinical features are summarized
in Table I. He showed typical findings of AS; severe developmental
delay with absence of verbal language, generalized hypotonia,
easily provoked laughter, epilepsy, ataxia, strabismus, and micro-
cephaly. His occipitofrontal head circumference at birth was
33.8cm (40.4 SD), but his head growth has decelerated into
5l.5cm (—3.0 SD) at 18 years of age. He acquired head
control at three months of age, sat and crawled at 6 months
of age, and walked unassisted at 18 months of age. His first
epileptic attack occurred at 4 years of age. After this first
attack, he lost his ability to walk until he was 5 years old. His
epileptic attacks consisted of multiple types of seizures, and
they were difficult to control with ACTH or several anti-epileptic
drugs. TRH treatment improved his awakening and activity
levels, and he transiently acquired the ability to walk.
However, subsequently his ability to walk was lost, probably
due to exacerbation of ataxia. His deep tendon reflex was
not increased and no other features of spasticity or peripheral
neuropathy were identified. His EEG findings included a back-
ground frequency of 5—6 Hz theta waves and spontaneous appear-
ance of 3 Hz diffuse high voltage slow waves. TRH did not change
the frequency of his seizures or his EEG findings. He showed no
cerebellar atrophy on magnetic resonance imaging (MRI) at 5 years
of age. MRS was not performed. He had a normal G-banding

karyotype.

eference sequence NV_001042537 )

GTAAAT GTT ATG GAAAAT
vV N V. M E N

GTAAAT GTTA

Downregulation of the SLC9A6 Variant 1 in the
Patient With the Mutation

The identified mutation c.441delG is located in exon 2 and is only
present in variant 1 (Fig. 1). Therefore, the mutation only affects
NHES.1, leaving NHE6.0 intact. Reverse transcriptase PCR dem-
onstrated that SLC9A6variant 1 mRNA expression decreased in our
patient (Fig. 3A) compared to that in four normal controls. On the
other hand, variant 2 expression was increased in the patient
compared to the controls. To further investigate mutant SLC946
gene expression, real-time quantitative PCR (qPCR) was per-
formed using cDNA from the patient and normal controls. Quan-
titative PCR confirmed that SLC9A6 variant 1 was significantly
downregulated in the patient, while it was not downregulated in
normal controls (Fig. 4A). Furthermore, the SLC9A6 variant 2
mRNA in the patient was significantly increased compared to
normal controls (Fig. 4B).

Nonsense Mediated Decay Was Involved in the
Downregulation of Mutant SLCIAG in the Patient

To investigate the possible involvement of NMD in the down-
regulation of mutant SLC9A6 in the patient’s lymphoblastoid cells,
we treated the cells with CHX. After CHX treatment, the expression
level of SLC9A6 variant 1 increased compared to normal control
samples on RT-PCR (Fig. 3B). It wasalso proved that the expression
level of variant 1 was significantly increased by performing
gPCR, while the expression level in normal control samples
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was unchanged (Fig. 4A). The expression level of SLC9A6
variant 2 increased in all samples after CHX treatment,

however the increase was significant only in control samples
(Fig. 4B).

Decreased Expression of the NHEG Protein
From Mutant SLCIAE

Western blotting was performed to investigate expression of
the NHEG6 protein in the homogenate of lymphoblastoid cell
lines from the patient and his mother. As a result, protein
expression of NHE6.1 was not detected in the patient
(Fig. 5A,B). The same NHE6.1 was detected in HeLa cells and
cells from the patient’s mother as well as in the controls. NHE6.0,
which was expected to be 10-20kDa smaller than NHE6.1on
SDS—PAGE [Ohgaki et al., 2008], was not detected in any sample
(Fig. 5B).

SLCSAG variant 1
SLC9A6 variant 2

GAPDH

Variant 1: 399bp
Variant 2: 303bp

+ /1 8jewa4 jouo)
- /1 3jewag josuo)
+ /2 8jewag1013u0)
- /2 3jeway jonuo)

Variant 1
Variant 2

DISCUSSION

In this study we investigated 22 male AS-like patients and 104 male
patients with XMR, and identified only one AS-like patient with a
SLC9AG6 frameshift mutation. This result further confirms SLC946
is not a major cause of AS-like cases, as reported by Fichou et al.
[2009]. Although the number of patients with XMR in this study
was small, SLCIAG is likely to account for only small proportion of
XMR cases.

Patients with SLC9A6 mutations reported by Gilfillan et al.,
exhibit cardinal features similar to those of AS including severe
developmental delay, mental retardation with absent or minimal
use of words, easily provoked laughter, ataxia, epilepsy, hyper-
kinetic movement, nystagmus, and microcephaly.

Gilfillan et al. also identified possible features of difference
between these patients and AS patients, including slow progression
of symptoms, thin body, cerebellar atrophy, increased glutamate/
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glutamic acid peak on MRS, and rapid frequency of 10—14 Hz waves
on EEG (TableI). Our patientlost his ability to walk although he did
not demonstrate spasticity, demonstrating a slowly progressive
clinical course consistent with findings in Gilfillan’s report. Indeed,
slow progression may be a distinctive clinical feature for patients
with SLC9A6 mutations. One of the families which Gilfillan et al.
investigated was previously reported by Christianson et al. [1999],
and designated as Christianson syndrome. Schroer et al. reported
patients with Christianson syndrome, and they showed that the
patients demonstrated an AS-like phenotype. However, while the
clinical features of our patient were consistent with those of most
patients previously reported by Gilfillan, there were differences
including the EEG findings and lack of cerebellar atrophy. Despite
this, our patient did meet the diagnostic criteria for AS [Williams
et al,, 2006]. Therefore, this study further demonstrated that a
patient with a SLC9A6 mutation may resemble patients with AS.
Further, this striking similarity between patients with AS and those
with SLC9A6 mutations suggests a possible relationship between
the gene function of UBE3A and SLC9A6 in the developing brain.

Our patient’s mutation created a frameshift resulting in 7
missense amino acids followed by a stop codon. This mutation
was present only in SLC9A6 transcript variant 1. SLCIA6mRNA has
two transcript variants caused by alternative splicing in exon 2
(Fig. 1), but the role of each variant has not been clarified. The
mutation detected in our patient only affects variant 1 sequence, but
the phenotype of the patient was as severe as those in previously
reported patients. Therefore, our finding suggests that the NHE6.1
plays an important role in brain function.

Nonsense mediated decay is involved in regulating the expres-
sion of alternatively spliced forms containing PTCs [Lareau et al.,
2007; Nietal,, 2007]. Since the identified mutation was predicted to
result in a PTC, we speculated that NMD could be involved in
disease pathogenesis. The result of gRT-PCR showed a significant
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decrease in SLC9A6 variant 1 mRNA expression in the patient
sample. This reduction was restored by CHX treatment, while
SLCYAG variant 1 expression was unaltered by CHX treatment in
normal control samples. Expression of SLC9A6 variant 2 in the
patient on the other hand, was significantly increased compared to
that in control samples, however it was not influenced by CHX
treatment. Therefore, the c.441delG mutation in the patient seems
to have modified the alternative splicing pattern, leading to an
increase in variant 2 expression. Alternatively, low variant 1 could
trigger a regulatory feed back on transcription causing the apparent
increase in variant 2 expression. A mutation causing premature
protein truncation could alter the splicing pattern and lead to exon
skipping, use of alternative splice sites, and intron retention
[Hentze and Kulozik, 1999; Mendell and Dietz, 2001]. Our results
indicated that the c.441delG mutation caused a PTC altered the
splicing pattern, and activated NMD machinery then downregu-
lated SLC9A6 variant 1 expression.

As protein NHE6.1 was not detected, this indicates an absence of
intact NHE6.1. NHE6.0 was also not detected. These findings
conclusively indicated that the identified mutation should cause
total loss-of-function. Recently, Garbern et al. identified cases with
an in-frame deletion of three amino acids, who showed milder
dysmorphic features and higher gross motor abilities than those in
cases previously reported [Garbern et al., 2010]. Their in-frame
deletion should not cause total loss-of-function but create a mildly
dysfunctional protein. Therefore, severe phenotypes including
severe developmental delay and progressive neurological deterio-
ration may be caused by truncated mutations and less severe
phenotypes may be caused by missense or in-frame mutations,
and such mild phenotypes are likely missed in patients with mild
developmental delay.

Given that the SLC9A6 variant 2 was upregulated, we speculated
that upregulated variant 2 might partially compensate for the
absence of NHE6.1. However, we could not establish the upregu-
lation of the NHE6.0 protein, rather it was not detected in the
patient’s lymphoblastoid cells. NHE6.0 may be unstable compared
to NHE6.1. Alternately, NHE6.0 translation may be inhibited.
Further investigation is required to definitively answer this
question.

NHES is found in the membranes of early recycling endosomes
and transiently in plasma membranes. Its distribution is regulated
by RACKI [Ohgaki et al., 2008]. Recycling endosomal trafficking is
essential for the growth of dendritic spines during LTP in the brain
[Park et al., 2006]. The function of the protein product of UBE3A,
E3 ubiquitin ligase, is also associated with dendritic spine mor-
phology. Mice with a maternal null mutation in Ube3a are also
reported to have defects in LTP, and manifest motor and behavioral
abnormalities [Jiang et al., 1998]. In a recent study, Ube3a deficient
mice demonstrated dendritic spine dysmorphology [Dindot et al.,
2008]. Thus, UBE3A and SLC9A6 could interact in a common
pathway involved in dendritic spine development, with a mutation
in either leading to an AS-like phenotype.
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